Ternary nanocomposite films of Pd, Ru and nanocarbon (C) are obtained on glassy carbon (GC) and studied by XRD, TEM, cyclic voltammetry (CV), impedance and chronoamperometric techniques for their use as electrocatalysts for ethanol oxidation reaction (EOR). Results show that introduction of Ru to the Pd-0.5wt%C composite electrode increases the electrocatalytic activity greatly. It is observed that with Ru addition from 1 to 50 wt%, the rate for EOR initially increases, attains a maximum (at 20wt %) and declines thereafter. Further, among the electrocatalysts investigated, the Pd-0.5wt%C-20wt% Ru electrode has displayed the greatest electrocatalytic activity. This electrode has nearly two times higher activity than the base electrode (Pd-0.5wt%C).
INTRODUCTION
The direct alcohol fuel cells (DAFCs) appear to be the most promising as a power source for portable applications such as cellular phones and laptop computers and also for transportation applications such as automobiles and buses [1] . Small alcohol molecules, such as methanol, ethanol, ethylene glycol and glycerol, exhibit high volumetric energy densities and their storage and transport are much easier as compared to hydrogen [2, 3] . The most common DAFC is the direct methanol fuel cell (DMFC). But, owing to toxicity of methanol, the direct ethanol fuel cell (DEFC) is receiving increasing interests during recent years [4] . Pt-based metals and alloys such as PtRu are known as the best catalysts for oxidation of alcohols in acid solutions [5] . However, they undergo poisoning by the oxidation intermediates, particularly CO molecule [6] [7] [8] [9] . Also, they are pretty costly and have poor abundance on earth. It is, therefore, of interest to search out new catalytic materials for DAFC anodes that do not contain Pt or contain tiny amounts of this rare metal and are capable to effectively oxidize alcohols.
In recent years, Pd is considered as the most suitable replacement for Pt in DAFCs. It is because of the fact that, unlike Pt based electrocatalysts, they can be highly active for the oxidation of a large variety of substrates in alkaline environment where non-noble metals are also sufficiently stable for electrochemical applications. Pd with non-noble metals in a smart catalytic architecture can be capable of rapidly and stably oxidizing alcohols on anode electrodes. Also, Pd is more abundant in nature and less expensive than Pt [10] .
*Address correspondence to this author at the Department of Chemistry, Faculty of Science, Banaras Hindu University, Varanasi-221005, India; Tel: +91-542-6701596; Fax: +91-542-2368127; E-mail: rnsbhu@rediffmail.com Considerable research work has recently been carried out [11] [12] [13] [14] [15] [16] to improve the catalytic efficiency of Pd-catalysts by suitable means. Bambagionia et al. [17] obtained Pd nanoparticles on MWCNTs (multiwalled nanocarbon tubes) by the impregnation-reduction procedure. The Pd/MWCNT electrode exhibited the high activity for the oxidation reaction of methanol, ethanol and glycerol in 2 M KOH, even at metal loadings as low as 17-20 g cm -2 . However, this electrode is electrochemically stable only for the oxidation of ethanol. The degradation of the electrode during methanol and glycerol oxidations has been ascribed [3, [17] [18] [19] to the formation of adsorbed CO. Ethanol is selectively oxidized to acetic acid which soon gets transformed into acetate ion.
Shen et al. [20] demonstrated that the electroless reduction of PdCl 2 adsorbed onto oxide/C materials (oxides: CeO 2 , Co 3 O 4 , Mn 3 O 4 , NiO) yields electrocatalysts for alcohol oxidation with much higher catalytic activity and electrochemical stability.
Hu et al. [21] Prepared Pd nanoparticles on tungsten carbides modified MWCNTs by an intermittent microwave heating (IMH) technique. The Pd-WC/MWCNT catalysts showed highly improved kinetics for ethanol oxidation in 1 M KOH + 1 M C 2 H 5 OH. Following IMH technique Hu et al. [22] also prepared NiO supported Pd/C electrocatalysts. The electrocatalyst with ratio of Pd to NiO equal to 1:1 gave the best performance for ethanol oxidation in alkaline solution.
Chu et al. [23] obtained Pd-In 2 O 3 /CNTs composite catalysts by using chemical reduction and hydrothermal reaction process. It was observed that addition of In 2 O 3 nanoparticles into Pd significantly promotes the catalytic activity for ethanol electrooxidation in comparison to the Pd/CNT (carbon nanotube) electrode.
Wang et al. [13] and Zhang and Li [14] obtained composites of Pd, TiO 2 nanotubes and C and demonstrated that the composite films were much superior to that of pure Pd in respect of electrocatalysis of the methanol oxidation reaction (MOR) in acid medium. Zhang et al. [15] obtained well dispersed Pd nanoparticles on the surface of vanadium oxide nanotubes (VO x -NTs) through a simple reductive process. The new materials were found to exhibit excellent electrocatalytic activities and good stability under alkaline condition. Shen and Xu [16] observed that the presence of NiO into the Pd/C composite improves the electrocatalytic activity of the electrode considerably. The electrode with a weight ratio of Pd to NiO of 4:1 exhibited the highest electrocatalytic activity for methanol oxidation in alkaline medium. Bianchini et al. [24] studied the ethanol oxidation reaction (EOR) on Pd-(Ni-Zn)/C and Pd/C (C = Vulcan XC-72) in 2 M KOH. They demonstrated that the oxidation of ethanol to acetic acid can be selectively achieved on Pdbased catalysts. Bagchi and Bhattacharya [25] investigated the EOR on Pd-Ru alloy in 1 M KOH and demonstrated that the electrode containing the higher amount of deposit are less affected by carbonaceous poison. Fang et al. [26] , in a spectroelectrochemical study of electrooxidation of ethanol on Pd electrode, observed that the electrode performance depends on the pH of the fuel solution. They found the best performance in 1 N NaOH (pH = 14) while the electrochemical activity decreased by either increasing or decreasing NaOH concentration. The FTIR spectroscopic measurements showed sodium acetate as the main oxidation product at NaOH concentration > 0.5 M. The C-C bond cleavage of ethanol occurred at pH 13.
Singh et al. [27] [28] [29] obtained nanocomposite films of Pd and MWCNTs and of Pd and nanocarbon (C) for use as electrocatalysts for the EOR [27] [28] and MOR [29, 30] [17] also prepared Pd-supported on MWCNTs and investigated as electrocatalysts for oxidation of methanol, ethanol and glycerol in deoxygenated 2 M KOH solution. The electrocatalysts exhibited high activities for oxidation of each alcohol (I p 2100 mA mg Pd -1 , E p -0.12 V vs Ag/AgCl/KCl sat in 2M KOH + 10% C 2 H 5 OH) even at metal loadings as low as 17-20 mg cm -2 . The rate of oxidation followed the order glycerol > ethanol > methanol. To improve the electrocatalytic activity further, Ru was added from 1 to 50 wt% to the Pd-0.5wt% C composite and investigated the structural and electrocatalytic properties of the new products, so derived, in relation to MOR and EOR in 1 M KOH. Similar study seems to have not been reported in literature. However, the influence of Ru addition on the electrocatalytic properties of Pt towards alcohol oxidation in acid solutions has been studied [3, [32] [33] [34] considerably. This paper describes the results of the present investigation.
EXPERIMENTAL

Electrocatalyst Preparation
Binary composites of Pd and 0.5wt% C and Ru and 0.5wt% C and ternary composites of Pd, 0.5wt% C and Ru were prepared by sodium borohydride reduction method as previously described [27] . Ternary composites prepared were those containing 1, 2, 5, 10, 20, 30, and 50wt%Ru. To obtain a ternary composite of Pd, Ru and C, the required amounts of PdCl 2 and RuCl 3 were dissolved in 5 ml acidified double distilled water, added the required amount of nanocarbon (C) powders and then ultrasonicated for 15 min. After 1 h, an excess amount of NaBH 4 solution was added in drop-wise manner under stirred condition so as to carry out the complete reduction of the metal ions. The catalyst formed as solid residue in the solution, was centrifuged, repeatedly washed with double distilled water and finally dried overnight in a vacuum oven at 373 K. The composition of constituents of composite materials given in the text is based on their respective amounts taken for preparation.
Prior to use in the preparation of the composites, nanocarbon powders (Aldrich, 99+ %, particle size 30 nm, BET surface area > 100 m 2 g -1 ) were activated by refluxing in concentrated HNO 3 for 5 h as described elsewhere [35] . Other chemicals, namely PdCl 2 (anhydrous: Merck, Pr. No. 61777900011730), RuCl 3 hydrate (Aldrich, 99.98%, Pr. No. 463779) and NaBH 4 (Sigma-Aldrich, Pr. No. 452874) were used as received.
Electrode Preparation
The catalyst obtained in powder form was mixed with few ml of ethanol-water (2:1) mixture and then ultrasonicated for 15 min to obtain an ink. 2-3 drops of ink were placed on to a pretreated Glassy carbon (GC) plate through a syringe, dried and then one drop of 1% Nafion solution (Alfa Aesar) was dropped over the dried catalyst layer to cover it. The catalyst loaded GC plate was then irradiated with microwave (800 watt) for 1 min. Prior to use as support for the catalyst, GC plates were first polished well on a polishing machine, using a micro cloth pad and alumina powders and then dipped in 0.2 M H 3 PO 4 for 5 min, degreased in acetone by ultrasonication, washed with distilled water and dried. Electrical contact with the catalyst overlayer and electrode mounting were obtained as given in [36, 37] . The loadings of the catalytic film on GC and Nafion on the catalyst over layer were 0.15 -0.23 and ~0.10 mg cm -2 , respectively.
Material Characterization
X-ray diffraction (XRD) patterns of composite films on GC were recorded on an X-ray diffractometer (Thermo Electron) using CuK as the radiation source ( = 1.541841 Å). Morphology of the catalytic films has been studied by a transmission electron microscope (TECNAI G 2 FEI). To obtain TEM pictures, the catalyst was dispersed in methanol and a drop of this suspension was placed onto a carbon coated copper grid, and dried.
Electrochemical Studies
A conventional three-electrode single compartment Pyrex glass cell was used to carry out electrochemical studies. The reference and counter electrodes were Hg/HgO/1 M KOH and Pt foil (~8 cm 2 ), respectively. Cyclic voltammetry (CV), impedance and chronoamperometry studies were performed using an EG&G PAR model 273A galvanostat/potentiostat. The CV experiments were carried out in the potential range from 0.126 to 1.526 V vs RHE. In each experiment, the composite electrode in the electrolyte was first cycled for 5 runs at the scan rate of 50 mV s -1 in the said potential region so as to obtain a reproducible voltammogram. The impedance study of the electrocatalysts has been carried out in alkaline ethanol solutions with the ac voltage amplitude of 10 mV at a constant dc potential. The frequency range employed in the study was 0.01 -10 x 10 3 Hz. The equivalent circuit parameters were analyzed by using the software, ZsimpWin. All electrochemical experiments were performed in an Ar deoxygenated electrolyte at 298 K. The potentials of the working electrode were measured using the reference, Hg/HgO/1M KOH (E° = 0.098 V vs SHE), but values given in the text are against the reversible hydrogen electrode, RHE (E° = -0.828 V vs SHE).
It is mentioned that electrochemical data have been obtained with triplicate electrodes of each type of composites and the results reported in the text are average ones; only the impedance study was carried out using a single electrode of the catalyst. Fig. (1) shows the XRD patterns of nanostructured Ru-0.5wt% C, Pd-0.5wt% C, Pd-0.5wt% C-1wt% Ru, Pd-0.5wt% C-10 wt% Ru, Pd-0.5wt% C-20wt% Ru and Pd-0.5wt% C-50wt% Ru composite films on glass. To avoid the contribution of glassy carbon (GC) support in diffractograms, composite films were obtained on glass. Features of all the difractograms displayed in Fig. (1) indicate that the composite materials are in either amorphous phase or have very small particle sizes. Further, with the exception of Ru-0.5wt% C and Pd-0.5wt% C-50wt% Ru all the composite films indicate the presence of the three characteristic peaks for the face centered cubic (fcc) structure of Pd in their diffractograms shown in (Fig. 1) . These peaks are found at 2 40º (d = 2.253 Å), 46.6º (d = 1.95 Å) and 68º (d = 1.371 Å) and can be assigned to (111), (200) and (220) planes, respectively. An addition of Ru (1 -10 wt%) does not indicate the formation of any significant new phase, however, it slightly increases the dvalue for the 100% peak of pure Pd, the magnitudes of increment being ranged from 0.006 -0.011 Å. Thus, the Fig. (1) . XRD patterns of Pd-0.5wt% C, Ru-0.5wt%C, Pd-0.5wt%C-1wt%Ru, Pd-0.5wt%C-10wt%Ru, Pd-0.5wt%C-20wt%Ru and Pd-0.5wt%C-50wt% Ru as deposited on glass electrode. result indicates the formation of a solid solution of Ru in Pd [31, 38] . However, the diffractogram for the composite with 20wt% Ru exhibits a few additional diffraction peaks at 2 = 45.02º (d = 2.0135 Å) and 58.73º (d = 1.572 Å) and 2 = 55.48º (d = 1.656 Å) and 61.18º (d = 1.515 Å), which can be assigned to the formation of Ru (JCPDS 06-0663) and PdO (JCPDS 43-1024) phases in the composite, respectively. Further, the diffraction peak corresponding to 2 = 62.78º (d = 1.48 Å) remains unidentified. On the other hand, the composite containing 50wt% Ru showed an amorphous phase.
RESULTS AND DISCUSSION
XRD/TEM
The Pd (111) diffraction peak was used to calculate the crystallite size of Pd in different catalysts according to Scherrer equation. Estimates of the average crystallite size of Pd in Pd-0.5wt%C, Pd-0.5wt% C-1wt% Ru, Pd-0.5wt% C-5wt% Ru, Pd-0.5wt% C-10wt% Ru, and Pd-0.5wt% C-20wt% Ru catalysts are ~8, ~9, ~7, ~6, and ~11 nm, respectively.
TEM pictures of pure Pd and some composite electrodes, namely, Pd-0.5wt% C, Pd-0.5wt% C-5wt% Ru and Pd-0.5wt% C-20wt% Ru are shown in Fig. (2a-h) . From Fig. (2) it seems that Pd and Pd-Ru nano-particles are deposited at the surface of the carbon particles. The deposited particles look like nanopeanuts and organize to produce a network of clusters. The average particle sizes are found to be ~12, ~10, ~5, and ~4 nm respectively in pure Pd, Pd-0.5wt% C, Pd-0.5wt% C-5wt% Ru and Pd-0.5wt% C-20wt% Ru nanocomposites. Thus, both 0.5wt% C and 5wt% Ruadditions decrease the particle size, the effect, however, being significant in the case of the latter. The higher addition of Ru (20wt%) does not influence the size significantly.
On selected area the electron diffraction patterns of the catalysts (Fig. 2b, d, f, h) show that the composite materials are crystalline. The d-values and hence, the corresponding planes of Pd were estimated based on the radius of concentric rings obtained in case of different composites. Estimates of d-values were ~2.206, ~1.93, ~1.345, ~1.135 and ~0.85 Å and the corresponding planes were (111), (200), (220), (222) and (420). Thus, the results are in good agreement with the literature values of d for pure Pd (JCPDS 05-0681). Figs. (3, 4) show CVs of Pd-0.5wt% C-x wt% Ru (x = 1, 2, 5, 10, 20, 30 and 50) at a scan rate of 50 mV s -1 in 1 M KOH with and without containing 1 M C 2 H 5 OH at 298 K. CVs of the composite electrodes in 1M KOH were quite similar and a representative voltammogram for Pd-0.5wt% C-20wt% Ru is shown in Fig. (3) . This voltammogram exhibits a strong cathodic peak (at E = 0.536 V vs RHE) for the reduction of palladium oxide which is formed as a result of the Pd surface oxidation at E > 0.536 V vs RHE under anodic condition. The potential region between 0.126 and 0.426 V vs RHE corresponds to the adsorption-desorption of hydrogen. Similar voltammograms were also found on Pd-x wt% MWCNT (x = 1, 2, 5) in 1 M KOH [26] . To examine the influence of introduction of Ru on the electrochemical feature of the composite electrode, two more CV curves, one for Pd-0.5wt% C and the other one for Ru-0.5wt% C, are also given in Fig. (3) . These curves show that Ru addition does not change the feature of CV curve for the base (Pd-0.5wt% C) electrode practically. Two similar anodic peaks were also found on Pd electrodeposited on Ti in 1 M KOH + 1 M C 2 H 5 OH [36] . As already reported [33, 39] , the observed oxidation peak during the forward scan is due to the oxidation of adsorbed ethanol molecules. At higher potential value the electrode is passivated due to the formation of a Palladium-ruthenium oxide layer. On the negative-going scan the anodic currents are due to ethanol oxidation as well, reflecting the ethanol oxidation on the catalyst surface free from oxides, which were formed previously at higher potentials. Further, the observed hydrogen adsorption-desorption region (i.e. from 0.126 to 0.426 V vs RHE) ( Fig. 3) appears to be completely suppressed when ethanol is present in solution ( Fig. 4) . This is because of the fact that the onset potentials (E op ) for the EOR (E op 0.286 0.376 V vs RHE) on composite electrodes ( Table 1) , exactly fall in the potential region wherein the hydrogen adsorption-desorption reactions take place. The latter reactions are dominated by the ethanol oxidation reaction. The E op was determined by extending the initial linear part of the anodic curve for the forward scan towards the higher potential side and noting the potential corresponding to the point on the linear curve from where the anodic curve begins to rise. In the forward scan, the observed decrease in the oxidation current peak, I P (i.e. self inhibition of alcohol oxidation) can be ascribed to the surface poisoning induced by irreversible strong adsorption of some CO-like species [1, 32, 40] . The latter gets deposited on the active site of Pd and thereby inhibits the adsorption of alcohol molecule and hence the rate of its oxidation. At higher potentials, adsorbed CO species can be effectively removed by reaction with OH ad that is produced in the oxygen-adsorption region. CV curves of Fig. (4) were analyzed for the onset potential (E op ), the peak current (I p ), and the peak current potential (E p ) and values, so obtained, are listed in Table 1 . Table 1 and Fig. (4) show that introduction of Ru from 1 to 20wt% shifts the E op for the EOR towards less noble side; a reversal in direction of the shift is observed when x > 20wt%. However, the overall shift in E op is negative with each Ru substitution compared to one observed in the case of Pd-0.5wt% C. Thus, Ru addition to Pd-0.5wt% C seems to be beneficial from electrocatalysis view point, which is quite evident from the observed marked increase in the peak current value with progressive addition of Ru from 1 to 20wt%. A decline in the peak current, however, takes place at higher additions (> 20wt% Ru).
Cyclic Voltammetry (CV)
As the E p value varies with the nature of the electrode, the electrocatalytic activities of ternary composites towards oxidation of ethanol have been compared at a common and constant potential, E = 0.846 V vs RHE. At this potential, the oxidation current for EOR at each electrode on forward scan was noted and the results, so obtained, are displayed in Fig. (5) . This figure clearly demonstrates that the performance of the composite electrode with 20wt% Ru is Fig. (2) . TEM pictures of pure Pd (a, b) , Pd-0. 5wt% C (c, d) , Pd-0.5wt% C-5wt% Ru (e, f) and Pd-0.5wt% C-20wt% Ru (g, h) electrodes.
the best one. This electrode has increased the rate of oxidation of ethanol by ~2 times as compared to that of oxidation of ethanol on the base (Pd-0.5wt% C) electrode. It is noteworthy that under similar experimental conditions, the electrocatalytic performance of the active electrode, Pd-0.5wt% C-20wt% Ru (I p 1215 mA mg Pd -1 , E p 0.976 V vs RHE) of the present investigation is much higher than those of Pd-NiO [24] . Moreover, the electrocatalytic activities of the latter electrodes were tested in much higher concentrations of C 2 H 5 OH (10%) as well as KOH (2M). Fig. (3) . Cyclic voltammograms of Pd-0.5wt% C, Ru-0.5wt% C and Pd-0.5wt% C-20wt% Ru composite in 1 M KOH at 298 K. Fig. (4) . Cyclic voltammograms for Pd-0.5wt% C and Pd-0.5wt% C-x wt% Ru electrodes in 1 M KOH + 1 M C 2 H 5 OH at 298 K.
To examine the role of Ru in electrocatalysis of alcohol oxidation, CVs of Ru-0.5wt% C (without containing Pd) in 1 M KOH with and without containing 1 M C 2 H 5 OH were recorded under similar experimental conditions and the results are shown in Fig. (6) . In blank solution, CV curve shows an anodic peak at E = 1.216 V vs RHE followed by the current peak for the oxygen evolution reaction. The observed anodic peak can be attributed to the oxidation of Ru to a higher valence state. The Pourbaix diagram for the Ru-H 2 O system indicates the existence of Ru as RuO 2 .2H 2 O (i.e. Ru (IV) state) at pH 14 (1M KOH). However, the cathodic peak corresponding to the observed anodic peak is not clearly indicated in the reverse scan.
The comparison of CVs of Ru-0.5wt% C, in presence and absence of alcohol, indicates that the oxidation of alcohol takes place at the Ru-0.5wt% C electrode with the E op value of ~0.976 V vs RHE. But, the E op values for alcohol oxidation at Pd-0.5wt% C-x wt% Ru composite electrodes are considerably low (0.496 -0.266 V vs RHE) compared to one obtained on Ru-0.5wt% C. This result demonstrates that the oxidation of C 2 H 5 OH takes place mainly at the Pd sites in the composite.
The enhanced activities of composite electrodes can be ascribed to the greater affinity of Ru towards the water molecules forming the surface adsorbed OH molecule [42] . In fact, compared to Pd, Ru has the ability to activate water molecules at a lower potential. This facilitates the oxidation of adsorbed CO at lower potential [1] . Thus, the displacement of the E op in a negative direction in the case of the catalysts containing Ru compared to Pd-0.5wt% C is mainly related to the bi-functional mechanism, where the beneficial effect is related to the formation of Ru-OH species at low potentials, which promotes the oxidation of adsorbed CO [35, 43] . 
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Electrochemical Impedance Spectroscopy (EIS)
The impedance study of three ternary composite electrodes, namely Pd-0.5wt%C-5wt%Ru, Pd-0.5wt%C-10wt%Ru and Pd-0.5wt%C-20wt% Ru have been performed in the frequency range 0.01 -10 x 10 3 Hz at a constant dc potential, 0.526 V vs RHE in 1 M KOH + 1 M C 2 H 5 OH and results are shown in Fig. (7) . Also, the active electrode of this series was subjected to the EIS study at five different dc potentials, 0.326, 0.376, 0.426, 0.476 and 0.526 V vs RHE in 1 M KOH + 1 M C 2 H 5 OH and EIS spectra, so obtained, are displayed in Fig. (8) . Before recording the EIS spectrum at a potential, the electrode was equilibrated at that potential for 300s.
All the EIS spectra shown in Figs. (7, 8) look to be similar. They show a small arc at high (10 kHz -3 kHz) and a semicircle at intermediate frequencies (3 kHz -0.05 mHz). At low frequencies, the impedance curve tends to show the diffusional behavior. In fact, the capacitive component of the Fig. (6) . Cyclic voltammograms for Ru-0.5wt% C in 1 M KOH with and without containing 1 M ethanol at 298 K. Fig. (7) . The Nyquist plots of electrodes at E = 0.526 V vs RHE in 1 M KOH + 1 M C 2 H 5 OH at 298 K. impedance gradually decreases with decrease in frequency, particularly at very low frequencies.
Fig. (7) shows that the diameter of the semi circle decreases with the increase in Ru content in the composite. Further, the increase in dc potential seems to affect the diameter of the semicircle greatly, but high frequency arc is only little influenced. It is observed that as the potential increases, the diameter of semicircle decreases. Thus, results show that the decrease in diameter of the semicircle with the increase in potential is mainly caused due to the increase in the rate of EOR. The nature of impedance curve at very low frequencies can be attributed to manifestation of complex processes such as mass transfer, adsorption of reaction intermediates/products, etc. In view of interference of the latter in analysis, the experimental EIS data obtained between 10 kHz and 0.5 Hz have been simulated.
The electrical equivalent circuit model, R s (Q f (R f (C dl R ct ))), was employed to simulate the experimental data of the present electrode-electrolyte system. Symbols: R s , R f , R ct , Q f and C dl represent the solution resistance, catalyst-film resistance, charge transfer resistance, constant phase element (CPE) and double layer capacitance, respectively. It is observed that the simulated impedance data based on proposed circuit model agreed excellently with those experimentally observed ones in the frequency range (10 kHz to 0.5 Hz). In case of the electrode, Pd-5wt%C-20wt%Ru, the simulated and experimental curves in Nyquist and Bode representations are shown in Fig. (9) and the estimates of the equivalent circuit parameters are given in Table 2 . Table 2 shows that introduction of Ru decreases the R ct greatly and hence increases the rate for OER. Thus, the Pd-5wt%C-20wt%Ru electrode is the greatest active among the series. Exactly, the same conclusion has also been derived from the CV study.
Chronoamperometry
Chronoamperograms of base and active electrodes, namely Pd-0.5wt% C, Pd-0.5wt% C-5wt% Ru, Pd-0.5wt% C-10wt% Ru, and Pd-0.5wt% C-20wt% Ru recorded at E = 0.726 V vs RHE in 1 M KOH + 1 M C 2 H 5 OH and shown in Fig. (10) demonstrate that the performance as well as poisoning tolerance of the composite, Pd-0.5wt% C-20wt% Ru, towards ethanol oxidation is the highest among the electrodes investigated. This is also quite evident from values of the ethanol oxidation currents noted from Fig. (10) at the end of 120 min; values were 5.9, 63.6, 78.5, and 89.0 mA mg -1 on Pd-0.5wt% C, Pd-0.5wt% C-5wt% Ru, Pd-0.5wt% C-10wt% Ru, and Pd-0.5wt% C-20wt% Ru, respectively.
Reaction Products Analyses
Chronoamperometry of the active Pd-0.5wt% C-20wt% Ru was carried out in an H-cell containing 1 M KOH + 1 M C 2 H 5 OH at E = 0.726 V vs RHE for 5 h. After the experiment was over, the cell solution of anodic compartment was withdrawn and to this added BaCl 2 solution to precipitate CO 3 2-, if any, as BaCO 3 . The solid residue, so obtained, was filtered, repeatedly washed with distilled water, and tested for the presence of CO 3 2-. Mixed the filtrate and washings, neutralized with dilute HCl and added FeCl 3 solution to test the presence of CH 3 COO -. Results indicated the presence of both CO 3 2and CH 3 COO -. Further, the cyclic voltammogram for the Pd-0.5wt% C-20wt% Ru electrode in 1 M KOH + 1 M CH 3 COOK did not indicate any oxidation of potassium acetate. Thus, results of this test corroborate the findings of previous studies reported in [44] .
CONCLUSION
The study reveals that the Ru addition greatly improves the electrocatalytic activity of the Pd-0.5wt% C electrode; the improvement, however, being the greatest with composite electrode containing 20wt% Ru. The latter electrode has demonstrated 2-3 times higher electrocatalytic activity compared to the base electrode (Pd-0.5wt%C). The poisoning tolerance of this electrode towards oxidation intermediates was also the greatest. . (10) . Chronoamperograms for Pd-0.5wt% C and Pd-0.5wt% C-x wt% Ru electrodes in 1 M KOH + 1 M C 2 H 5 OH at 298 K.
